Abstract
properties of aerosol particles, largely determining their impacts on atmospheric chemistry, 23 radiative forcing, and climate. Measurements of water adsorption and hygroscopicity of 24 nonspherical particles under subsaturation conditions are non-trivial because many widely used 25 techniques require the assumption of particle sphericity. In this work we describe a method to 26 directly quantify water adsorption and mass hygroscopic growth of atmospheric particles for 27 temperature in the range of 5-30 o C, using a commercial vapor sorption analyzer. A detailed 28 description of instrumental configuration and experimental procedures, including relative 29 humidity (RH) calibration, are provided first. It is then demonstrated that for (NH4)2SO4 and 30 NaCl, deliquescence relative humidities (DRHs) and mass hygroscopic growth factors 31 measured using this method show good agreements with experimental and/or theoretical data 32 from literature. To illustrate its ability to measure water uptake by particles with low 33 hygroscopicity, we used this instrument to investigate water adsorption by CaSO4•2H2O as a 34 function of RH at 25 o C. The mass hygroscopic growth factor of CaSO4•2H2O at 95% RH, 35 relative to that under dry conditions (RH < 1%), was determined to be (0.450±0 .004)% (1 σ). 36
In addition, it is shown that this instrument can reliably measure a relative mass change of 37 0.025%. Overall, we have demonstrated that this commercial instrument provides a simple, 38 sensitive, and robust method to investigate water adsorption and hygroscopicity of atmospheric 39 ability of aerosol particles to uptake water depends on particle composition, relative humidity 49 (RH), and temperature (Martin, 2000; Tang et al., 2016) . Under subsaturation conditions (RH 50 <100%), the ability to uptake water is typically called water adsorption in surface science and 51 hygroscopicity in aerosol science (Tang et al., 2016 Hygroscopicity of atmospheric particles has been extensively investigated by a large 56 number of studies, and many experimental techniques have been developed. These techniques 57 have been summarized and discussed by a very recent review paper (Tang et al., 2016) , and 58 here we only mention widely used ones. For airborne monodisperse particles typically 59 produced by a differential mobility analyzer (DMA), the hygroscopicity can be determined by 60 measuring their diameters at dry (typically at RH <15% or lower) and humidified conditions 61 Greenslade, 2011). These techniques require an underlying assumption that particles are 67 spherical. However, a few important types of particles in the troposphere, including mineral 68 dust and soot, are known to be non-spherical (Veghte and Freedman, 2012 ; Ardon-Dryer et al., 69 2015). Therefore, although these techniques can provide useful information, it is difficult to 70 quantitatively determine the amounts of water associated with non-spherical particles at a given 71 RH (Tang et al., 2016) . Single particle levitation techniques, which measure light scattering 72 intensity to determine the size (and thus the hygroscopic growth) of levitated particles, also 73 have similar drawbacks (Krieger et al., 2012) . 74
There are several techniques which can be applied to quantify the amount of water 75 associated with non-spherical particles at given temperature and RH. purity N2 is used for all the three gas flows regulated by MFC1, MFC2, and MFC3, respectively. 121
High-precision balance 122
The balance simultaneously measures the mass of an empty pan (serving as a reference) 123 and a sample pan which contains particles under investigation. Each pan is connected to the 124 balance by a hang-down wire which has a hook at the lower end to hold the pan. The balance 125 is housed in a chamber which is temperature regulated. To avoid moisture condensation, the 126 balance chamber is purged with a 10 sccm (standard cubic centimetre per min) N2 flow 127 regulated by a mass flow controller (MFC3). 128
The balance has a dynamic range of 0-100 mg. Typical dry mass of particles used in our 129 experiments are around 10 mg or less so that the total mass of particles due to adsorption of 130 
Humidity chamber 137
The humidity chamber is used to regulate the temperature and RH under which 138 hygroscopicity and/or water adsorption of particles are investigated. Inside the humidity 139 chamber are housed a reference chamber (in which an empty pan is connected to the balance) 140 and a sample chamber (in which a sample pan is connected to the balance). A dry N2 flow 141 (regulated by MFC2) is delivered through a humidifier and then mixed the second dry N2 flow 142 (regulated by MFC1). The total flow is set to 200 sccm, and the ratio of these two flows can be 143 adjusted in order to regulate the final RH. After mixing, the flow is then split into two flows, 144 one delivered into the reference chamber and the other into the sample chamber. Therefore, 145 both chambers should have the same temperature and RH. This can be verified by 146 measurements using two RH sensors, as shown in Figure 1 . The main advantage of using a 147 reference chamber and a sample chamber is that the amount of water adsorbed by the empty 148 pan and the attached wire can be simultaneously determined (and automatically subtracted 149 using the provided software) under the same condition when water uptake by particles under 150 investigation is being measured. In addition, the effect of buoyancy, which varies with RH 151 (Beyer et al., 2014; Schroeder and Beyer, 2016) , is also automatically taken into account by 152 using an empty pan as the reference. 
Other features 158
Q5000SA is equipped with a programmable autosampler designed to deliver sample pans 159 into the humidity chamber. The autosampler can host up to 10 sample pans; however, in order 160 to minimize contamination by lab air, only one sample pan is uploaded into the autosampler 161 immediately prior to the measurement. The instrument status is displayed on a touch screen for 162 local operation. Q5000SA can also communicate with a computer via Ethernet. Two software 163 packages are provided by the manufacturer: 1) TA Instrument Explorer Q Series is used to 164 control the instrument, program measurement procedures, and log experimental data; 2) TA 165
Universal Analysis can be used for graphing experimental data in real time, data analysis, and 166 exporting data. Experimental data can be sampled with frequencies up to 1 Hz. 167 experimental method has been developed in this work to determine the DRH of a given sample. 175
Experimental procedures
It consists of the following three major steps: 1) after the sample pan is properly located in the 176 humidity chamber, temperature is set to the given value; 2) after temperature is stabilized, RH 177 is set to a value which is ~5% (when change/difference in RH is mentioned in this work, it 178 always means the absolute value) higher than the anticipated DRH and the system is 179 
Quantification of water adsorption and/or mass hygroscopic growth 202
The following experimental procedures are used to determine the amount of water 203 adsorbed by a material (i.e. mass hygroscopic growth factors): 1) a sample pan is delivered into 204 the humidity chamber and temperature in the humidity chamber is set to a given value; 2) after 205 temperature becomes stable, RH in the humidity chamber is set to 0% and the sample is 206 equilibrated with the environment until its mass change is <0.05% within 30 min; 3) RH is 207 increased to a given value and the sample is equilibrated with the environment again until its 208 mass change is smaller than a certain value (typically 0.05% for less hygroscopic materials 209 such as CaCO3 and fresh soot, and 0.1% for more hygroscopic materials such as (NH4)2SO4 210 and NaCl) within 30 min; 4) RH is further increased to another given value and the sample is 211 equilibrated with the environment. The following assumptions are made to convert the mass of 212 adsorbed water to its surface coverage (Tang et al., 2016): 1) particles are spherical, having a 213 uniform diameter of 1 μm and a density of 2.5 g cm -3 , and 2) the average surface area that an 214 adsorbed water molecule occupies is 1×10 -15 cm 2 . Under these assumptions, a mass change of 215 0.05% (relative to the dry mass) due to adsorption of water is equal to a surface coverage of 216 0.7 monolayers for adsorbed water. (purity: >99.0%), sodium chloride (purity: >99.5%), potassium chloride (purity: >99.5%), 225 magnesium nitrate hexahydrate (purity: >99.0%), magnesium chloride hexahydrate 226 (purity: >99.0%), calcium bromide (purity: >99.98%), and calcium sulfate dihydrate 227 (purity: >99%) were purchased from Sigma-Aldrich. All the chemicals were used without 228 further pretreatment. 229 . We compare our measured DRHs of NaBr at six 236 different temperatures with those reported by a previous study (Greenspan, 1977 in this study to calibrate our measure RH by taking into account the difference between our 250 measured DRHs and those reported by Greenspan (1977) for NaBr at different temperatures. 251
Results and Discussion
All the RHs reported in this work (except measured DRHs of NaBr listed in Table 1) with those reported by a previous study (Greenspan, 1977) . Figure 3b Table 2 suggests that the absolute difference between our measured and previously 265 reported DRHs is typically <1%. 266 267 In addition, we repeated the measurements of the DRH of (NH4)2SO4 at 25 (Table A1 ). As shown in Figure 5 , the ability of CaSO4•2H2O to 300 uptake water is very limited, with the mass ratio of adsorbed water to dry particles is 301 (0.450±0.004)% (1 σ) at 95% RH. This is qualitatively consistent with two previous studies 302 which suggested that the cloud condensation nucleation activity of calcium sulfate aerosol 303 
